; average depression was to 1999); and the two processes result in dephosphoryla-21.5% Ϯ 2.5% of baseline levels). LFS-induced LTD also tion of the GluR1 subunit of AMPARs at different sites significantly increased failure rates (average failure rate (Lee et al., 2000). In addition, some laboratories have before and after LFS was 10.4% Ϯ 2.5% and 47.3% Ϯ reported depotentiation may be mGluR dependent 10.1%, respectively; p Ͻ 0.01; Figure 1B ). This de novo (Bashir and Collingridge, 1994; Fitzjohn et al., 1998); LTD was NMDAR dependent, but mGluR independent, however, others have reported no effect of mGluR anas LTD expression was prevented by bath application tagonists on depotentiation (Selig et al., 1995b) , or have of the NMDAR antagonist AP5 (50 M, n ϭ 9 pairs; shown that like LTD, depotentiation was blocked by Figure 1C ; post-LFS was 31.1% Ϯ 2.5% of baseline levels, n ϭ 7 which is mechanistically distinct from the NMDARpairs; Figure 1C ). dependent LTD expressed by the same principal neuIncreasing the length of LFS to 1200 pulses resulted rons (Oliet et al., 1997) .
in an increase in the amount of depression expressed The mechanisms of synaptic depression have mainly (Figure 2A ; n ϭ 9 pairs). Average LTD measured 30 min been studied in populations of synapses. Recordings after performing LFS was to 13.8% Ϯ 2.9% of baseline, from such large populations reflect an average synaptic significantly greater than that measured following 600 response, and cannot reveal whether all synapses may pulses (p ϽϽ 0.01; Figure 2A right Figure 3A inset, left). AP5 (50 M) was then applied in the bath, followed by re-measurement of the EPSCs Results at depolarized potentials ( Figure 3A inset, right). AP5 was then washed from the recording chamber and LTD De Novo Long-Term Depression induced by LFS (600 pulses). Fifteen minutes following Simultaneous whole-cell recordings from two individual LFS, the above subtraction procedure was then resynaptically connected CA3 pyramidal cells (paired repeated. By subtracting the amplitude of the currents cordings) were obtained in organotypic slice cultures (7 obtained in AP5 from those in its absence, we deterto 17 days in vitro). The data reported in the current mined the amplitude of the AP5 blockable (i.e., the paper represent recordings from over 175 synaptically NMDAR) component of the synaptic current before and connected pairs. We have examined whether long-term after LTD induction. A significant advantage of this depression of the synapses connecting two pyramidal methodology was that we did not have to remove magcells can be induced by evoking presynaptic action ponesium from the extracellular recording solution, nor rely tentials at 1 Hz (low-frequency stimulation, LFS) while on a ratio of the AMPA-to-NMDA component of the EPSC in order to determine the NMDA component beslightly depolarizing the postsynaptic cell (Ϫ55 mV). In-fore and after the induction of LTD. Instead, we measured the NMDAR EPSC by subtraction both before and after LFS, and found that the resulting decrease in the AMPAR current amplitude was accompanied by a highly significant decrease (5.6-fold) in the NMDAR-mediated EPSC amplitude ( Figure 3A ; n ϭ 8 pairs; average NMDAR EPSC amplitude before and after LFS was 9.9 Ϯ 1.1 pA and 1.8 Ϯ 0.3 pA, respectively; p ϽϽ 0.01). This decrease in NMDAR currents was specific to LFS as we found no change in the NMDAR amplitude in pairs that were not subjected to LFS (Figure 3A Figure 3B ; n ϭ 8 pairs). Baseline EPSC amplitudes measured at Ϫ65 mV before and after NMDA current measurements were also stable (average amplitudes were 412.0 Ϯ 151.9 pA and 414.2 Ϯ 176.8 pA before and after NMDA current measurement, respectively). In experiments where the postsynaptic cell was subjected to LFS (600 pulses, performed after attainment of a stable NMDA current baseline), an immediate decrease in NMDA sensitivity was measured ( Figure 3B ). Thirty minutes after LFS, NMDA currents were 55.5% Ϯ 13.1% of baseline current amplitudes. This decrease in postsynaptic NMDA sensitivity was accompanied by LTD of the EPSC measuring 51.1% Ϯ 22.4% of baseline levels 30 min after LFS (data not shown). Interestingly, depotentiation of the AMPAR-mediated EPSC was not prevented by bath application of 50 M of LFS (average EPSC amplitude 30 min after LFS was 23.3% Ϯ 9.4% of potentiated levels; n ϭ 6 pairs). As AP5 ( Figure 5A ; average EPSC amplitude was 25.3% Ϯ 9.1% of potentiated levels 30 min after LFS, significantly occurred with de novo LTD, depotentiation was also accompanied by a significant decrease in the amplitude different from control potentiated levels, p ϽϽ 0.001; n ϭ 7 pairs). In fact, further increasing the concentration of NMDAR-mediated EPSCs ( Figure 4B ; n ϭ 6 pairs). NMDAR EPSC amplitudes were measured both before of AP5 to 200 M still had no effect on depotentiation (30 min after LFS average EPSC amplitude was 26.2% Ϯ and after LFS using the same subtraction procedure described previously for de novo LTD experiments, ex-12.6% of control potentiated levels, not significantly different from depotentiation measured in the presence of cept that these experiments were performed on CA3 pyramidal cell pairs that were first subject to pairing-50 M AP5 [p ϾϾ 0.05]; n ϭ 6 pairs). Thus, depotentiation in area CA3 is not NMDAR dependent. Given previinduced LTP. Immediately prior to LFS, the average NMDAR EPSC amplitude in these pairs was 7.4 Ϯ 0.87 ous reports in literature that depotentiation in area CA1 may depend on the activation of metabotropic glutapA, and following LFS, the average amplitude decreased Figure 5B ). Depotentiation was also 6B; p ϾϾ 0.1). To test whether this resistance to depoblocked by the more specific type I mGluR antagonist tentiation is temporally persistent, we increased the time LY341495 applied alone [10 M; 30 min after LFS averperiod following pairing-induced synaptic potentiation age EPSC amplitude was 103.2% Ϯ 29.0% of pre-LFS before we performed LFS. Indeed, if we waited for 30 baseline, not significantly different from control LTP (p Ͼ min following the induction of LTP before performing 0.1), n ϭ 7 pairs; Figure 5C ]. Thus, the mGluR depen-LFS, significant depotentiation could be evoked in condence of depotentiation may differ in areas CA3 versus nections that began as all-silent ( Figure 6C ). LFS applied CA1, which may in part be reflective of the striking differafter 30 min caused the average EPSC amplitude deence in mGluR expression in these two areas of the crease to 18.6% Ϯ 4.9% of control potentiated levels hippocampus (Shigemoto et al., 1997).
(n ϭ 7 pairs; p ϽϽ 0.01). Thus, potentiated pairs that The pharmacological differences between de novo began as all silent, once they gained the ability to depo-LTD and depotentiation in area CA3 suggests that the tentiate, depressed to a level indistinguishable from two forms of synaptic depression are functionally differpairs that began in an active state (p ϾϾ 0.05). We also ent processes. We tested whether potentiated synapses measured whether the amplitude of the NMDAR-EPSC may reacquire the NMDAR-dependent processes that decreased during this newly acquired depression. Besupport de novo LTD in a time-dependent manner by cause it is known that the NMDAR-EPSC does not holding pairs for longer periods of time after inducing change with synaptic unsilencing ( The use of paired recordings to study the mechanisms could be depotentiated as shown above for active, poof synaptic plasticity provide significant advantages by tentiated connections. LFS (600 pulses) was performed sampling from only a very small population of synapses. 10 min following synaptic unsilencing. In contrast to the Chief among these is the ability to identify the state of LFS-induced synaptic depression measured following an individual synaptic connection as either active or the potentiation of previously active synapses, we found silent. This has allowed us to identify important differthat LFS was completely ineffective in depotentiating ences in the plastic potential of synaptic connections. connections previously all-silent ( Figure 6A ). Thirty minDepending on their prior state, synapses possess difutes after LFS was performed, there was no significant fering abilities to express synaptic depression, and, as difference between these potentiated allsilent connecrevealed by pharmacological analysis, employ differing tions compared with control potentiated unsilenced pathways to achieve it. pairs not subject to LFS (p ϾϾ 0.1; n ϭ 8 pairs). The difference between post LFS EPSCs in recently unsiThe Nature of Active and Silent Synaptic States lenced pairs and those from active synapses that had Our data speak to the nature of active and silent synapses. It is known that synaptic connections between undergone depotentiation or LTD is highly significant However, silent synapses, unlike active synapses, cannious with this hypothesis would be that AMPA receptors newly inserted into silent synapses must not initially be depotentiated, and the receptor pharmacology of depotentiation also differs from that of active somehow be "protected" or "disabled" from removal from the membrane. One possibility is that AMPARs synapses, indicating that there are, in fact, important qualitative differences between silent and active syncontaining only GluR1 subunits may be inserted into recently activated silent synapses (Shi et al., 2001) , and apses. This is not to suggest that the mechanisms of LTP are fundamentally different in active and silent synthese may not be available for immediate activitydependent endocytosis. Over the course of time, but apses, but only that LTP can occur in the absence of silent synapses. In both cases, potentiation could be through an as yet unknown mechanism, these receptors gain the ability to be internalized, thus endowing these accounted for by the same expression mechanism, such as the insertion of AMPA receptors in the postsynaptic synapses with the ability to undergo depotentiation. GluR1-containing AMPARs could then be replaced by membrane (Shi et al., 1999) . The qualitative differences between these two types of synapses speak instead to AMPARs containing GluR2/3 subunits, which rapidly "recycle" in and out of the membrane ( (Selig et al., 1995a) 
